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Why plasma waves?

Plasma waves provide important means to transport
energy and information in plasmas particularly across
magnetic fields.

Waves are used for heating, current drive, and plasma
diagnostics in fusion research.

In magnetized plasmas, there are many types of waves
due to increased degrees of freedom.

The magnetic field provides springiness and ion and
electron cyclotron (gyro) motions, in addition to the
plasma oscillations (John Finn Lecture)

Ref: Waves in Plasmas by Thomas H. Stix, AIP 1992




Magnetized Plasma Waves

In the fusion magnetic bottles,
er need to transport energy
across the magnetic fields to
perform desired work (heating
CD, diagnostics, etc.)

In fusion plasmas, plasma
waves propagates in very

wide plasma parameter space.

— Near vacuum to dense
plasma

— Near room temperature to
100's of millions of degrees

In space, magnetic fields are
present nearly everwhere.

Tokamak simulation

Trace Satellite Images



Cold Homogenous Plasma Waves
Basic Terminologies and Assumptions |

. Assume ambient plasma and magnetic field B, = B, z

are static in time r>>1/w and uniform in space L. >> 1/[]
2. Assume a single frequency in radian w= 2z f (1/sec)
and a single wave number k= k, x+k,z (1/L)

3. Velocity of the wave phase front or phase velocity

is w/k (L/sec) _
X
y(£—> F4

»B,= B,z

al/e

Note: w/k =wl€/\k\2 = a)/kxf6+ a)/kZZ



Cold Homogenous Plasma Waves
Basic Terminologies and Assumptions |l

f(v)

. Cold? k <<1/p,
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W/ k

. Cold? w/k >>V,,(along the field line)
(perpendicular to field line)

Cyclotron or gyro frequency in radian Q =g, /0m, )
Plasma frequency in radian w2, =4xn,q*/ m,
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Basic cold-homogenous plasma wave equations

From Maxwell equations:

Where plasma dielectric tensor &(@.k)=1+ x (@.k)

Fourier analysis in time d/dt — —iw and space V — ik
gives the homogeneous—pla§ma wave equation
gx(l?xl% )+w—2§°l:? =0
C
Therefore the general cold-plasma dispersion
relation can be derived if we can obtain the plasma
response to the wave electric field
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Plasma response to wave electric field

The equation of motion for species "s" (e.q.
electrons and ions) is
dv - v -

where the fluid stress (pressure) tensor term, can be
set to zero for the cold plasma assumption. Also
noting that @ =48,/(m,c) which is positive for positive
lons with the magnetic field pointing in the positive z
direction (assumed here).

.4 - . = 2
—iw V= ——E 4+, x Q , 4mn q:
| ms | a)ps = -
In Xx-y coordinate, one can write s
. . ) 2
(_m) _Qs) A = Ds9s E, _ W), E.
Q  —iw)\J,] m, \E | 4x \E,




Plasma Dielectric Tensor

Inverting the matrix, plasma response to electric
field is

Je| __ i
Jy 47

Generalizing to x-y-z, one obtains

(S -iD O0)\(E.)
§-E=|iD S O|E
\ 0) 0 P/ \EZ)
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where

Polarlzatlon drift E x B drift Inertial respose



Putting all together!

2
The combined Maxwell equation: i x(kxE)+L—§-E =0
L I P <
The refractive index: n=kc/w=nsinfx+ncos6z

Then the combined Maxwell equation becomes

ix(AxE)+ & E=0 Ax(MxE)=(i-E)i—-(i-n)E
Then:
(-n> 0 nn)(E,) (S -iD 0)\(E.)
ixixE=| 0 -n* 0 ||E/| €&E=[iD S O||E,
e, 0 —ni/ \E ) .0 0 P)\E |
Then the cold magnetized homogeneous plasma .
wave equation becomes S=1—Ew2_’”92,
(S—n*cos’@ —iD n®sinfcosf)(E. Q ,
iD S—n’ 0 E =0 P=27_ g
\7”sinfcos® 0 P-nsin’0)\E, RN




Wave dispersion relations

Wave dispersion relations can be derived by taking the
determinant of the wave equation matrix. Very conveniently,
the resulting equation is quadratic in n?!

An*-=Bn*+C=0

—(R+L)
where A = Ssin.zg + P cos°6 2 . 1+EX i E |
B =RLsin"0 +PS(1+cos"0) a)(a)+9)

The solution is: n2=Bi\/B ~4AC P=1- E >

2A

e There are two wave solutions - "fast" and "slow"
71 — 00 Or wave phase - resonance - absorption -
electrostatic waves when A=0 or tan’6=- P/S

en—(0 or wave phase - cutoff - reflection when
P=0 or R=0 or L=0




Clemmow-Mullaly-Allis Diagram

Withu= w/kc=1/n
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Magnetic Fusion Research is a Worldwide Activity,
Optimizing the Plasma Configuration

National Spherical |

Torus Experiment




Fusion Plasma Applications

Fast Wave Heating (mirror,

stellrator, tokamak)
S=0

Lower Hybrid Current Drive
(tokamak)
R

—» Electron Bernstein Waves

(Spherical Torus, NSX)
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Application of RF Waves Stabilizes
Neoclassical Tearing Modes

Steerable Electron
Cyclotron Current
Drive wave launcher
built by PPPL in DIII-
D collaboration.
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ITER will have ECCD for NTM control.
NCSX was designed to be stable to NTM modes.
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Lower Hybrid Current Drive (LHCD) will Enable
Access to Advanced Tokamak Regime on C-Mod

~IRe(E,)!

201

Z (cm)

_20..

Collaboration on C-Mod has
demonstrated efficient LH current drive

-20 —101 0 10 20
X (cm)
TORIC code

First ever full wave - Fokker Planck simulations for LHCD are being developed.
Alpha particle damping on ITER will be addressed
RF SciDAC collaboration between MIT, PPPL, ORNL, CompX, GA,
Lodestar, and TechX



Heating "Overdense" Plasmas

Spherical Torus, RFP,

= “Fast Waye Heating (mirror,
stellrator] tokamak)

R
(] __x / »High Hafmonic Fast Waves
S=0 (Sphgrical Torus, NSX)

Lower Hybrid Cfirrent Drive
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National Spherical Torus Experiment

NSTX ——




HHFW in NSTX
@ NSTX ——
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Discussions

We derived a general dispersion relation of plasma waves in
cold, uniform, stationary magnetized plasmas.

In magnetized plasmas, there are many types of waves due to
increased degrees of freedom.

lasma waves are used for heating, current drive, and plasma
diagnostics in fusion research.

Plasma waves are also important in space physics.

Plasma waves have other applications including semi-
conductor fabrication, isotope separation, etc.

Ref: Waves in Plasmas by Thomas H. Stix, AIP 1992




